A finite element approach to the mechanical behaviour of braided ropes at the scale of their internal components is proposed in this paper. The ropes considered are composed of a few tens of textile yarns, twisted into strands, which are then braided together. The approach aims at determining the mechanical equilibrium of such structures, viewed as assemblies of yarns undergoing large displacements and developing contact-friction interactions. To solve this equilibrium within a quasi-static framework, and using an implicit solution scheme, each yarn of the rope is represented by a finite strain beam model, and special emphasis is put on the detection and modelling of contact-friction interactions between yarns. The approach is used first to determine the unknown initial configuration of the rope, starting from an arbitrary configuration and using contact interactions together with information from the selected braid pattern, to determine the braided structure as the solution of a mechanical equilibrium. Comparisons are made with experimental data on this initial geometry. Tensile test experiments were performed to characterize the mechanical response of both the elementary yarns and the braided rope. These tests were simulated with the model, and results are compared with experiment. Sensitivity analyses on design parameters showing the abilities of the model are reported.
Introduction
In recent years, the offshore industry has developed an increasing need for deep sea handling systems, in order to install heavy equipment at depths down to 3000 meters. Beyond around 2000 meters, steel cables become inefficient due to their heavy weight. Braided synthetic ropes appear as an attractive alternative because of their high strength compared to weight and ease of handling. However, these braided ropes exhibit a high sensitivity to damage induced by their repeated passages over the sheaves of traction winches. Damage sustained by the rope as it passes over the sheave is assumed to be mainly induced by contact-friction interactions. These arise both between the rope and the sheave, and between internal components of the rope at different scales, which undergo relative displacements due to the bending of the rope. In order to assess these contact-friction interactions a numerical model of the rope at the scale of its internal components is required.
The braided synthetic ropes considered in this study are made of filaments arranged on three successive levels. At a first level several thousand filaments are assembled to form yarns. (These yarns may already be an assembly of smaller yarns twisted together and are sometimes termed rope yarns or assembled yarns, but we will not make that distinction here). A few of these yarns are then twisted together to make up strands, and the final braided rope is obtained by interweaving these strands together. The number depends on the braiding machine and the application but 8-, 12- and 16-strand braids are common. In this paper we will focus on a 12-strand braid configuration. The goal of the present paper is to propose a simulation approach, based on the finite element method, able to reproduce the main phenomena characterizing the mechanical behavior of such ropes. Modelling starting from the elementary filament level is out of reach of the simulation because the rope includes tens of thousands filaments, so the proposed model will address the structure of the braided rope at the level of its constitutive yarns, assuming that these yarns can be conveniently represented by homogeneous constitutive models with appropriate characteristics.
Some modelling studies, aimed at better understanding the mechanical behavior of ropes, are available in the literature. Previous studies were based on assumptions about the geometry of the rope components, usually approximated by helices. Analytical developments based on the equilibrium of helical beams allow mechanical properties in tension and bending to be assessed [1], [2, 3] . However, this kind of development is limited by the fact that the actual geometry of braid components is not accurately defined, although this determines to a large extent the contact-friction interactions taking place between them.
The search for a more precise way to determine the actual geometry of 3 components within the braid has motivated more recent studies based on numerical simulation. For this purpose, components of the braided structure must be represented by appropriate models, and contact-friction interactions between them must be accounted for. Miao et al. [4] used so-called digital elements to represent yarns by series of rods connected by pins. Contact and friction interactions were considered between nodes, and a static relaxation algorithm was used to determine the initial configuration, starting from an initial estimate of the structure. The method was employed to determine the micro-geometry of 3D braided fabrics. Another way of determining the initial geometry of the braided rope is to determine yarn trajectories by analyzing the braiding process. Tolosana et al. [5] proposed a geometrical approach to approximate these trajectories by means of NURBS (Non-Uniform Rational B-splines) following the motion of bobbins within the braiding machinery.
These trajectories were then used as supports for 3D finite element models of yarns, and the structure obtained was compacted until reaching the desired void fraction. Pickett et al. [6] proposed a mechanical simulation of the full braiding process, modeling the interlacing of yarns induced by the motion of the bobbins. Due to the large lengths of yarns to be considered to model the process an explicit dynamic simulation code is required to get a reasonable computational time.
Instead of simulating the whole braiding process using a dynamic explicit solver, an alternative method, based on an implicit solution scheme, is proposed here. The principle of the method is to start with an arbitrary configuration which can be easily defined, but which displays large interpenetrations between yarns, and to let contact interactions gradually separate 4 these yarns, until obtaining a configuration corresponding to a mechanical equilibrium, and fulfilling the selected braid pattern.
Compared to approaches which simulate the actual braiding process, the first advantage of the method is that the input data related to the braiding are very easy to define: instead of having to describe the complex trajectories of bobbins and the geometries of different tools guiding the yarns in the process, only three integer parameters are required to fully determine the braid pattern. Moreover, instead of having to consider yarn lengths which are large enough to cover the distance between the different parts of the braiding machine, the yarn lengths needed in the proposed approach may be much shorter, as they correspond only to the length of the sample to be tested. A last advantage of the method is related to the use of an implicit solver. With an explicit solver, since the time step is determined by the size of the smallest element, a very large number of steps may be needed to simulate the relatively slow braiding process. With the implicit solver employed in the present work, which allows rather large loading increments to be considered, only a few tens of increments are necessary to determine the initial configuration, the mechanical equilibrium being verified at the end of each increment. Such an approach, previously developed for woven fabrics [7, 8, 9] , has been extended to the case of braided structures [10] . The finite element approach employed, whose theoretical background is described in [11] , solves the mechanical equilibrium of general beam assemblies subjected to large deformations, and developing contact-friction interactions. Emphasis is put on the modeling of yarns by means of finite strain beam elements, and on the detection and modeling of contact-friction interactions between 
Description of the finite element approach
The general approach followed by the in-house finite element code used for this study to simulate the mechanical behaviour of fiber assemblies is briefly presented in this section (the reader is referred to [11] for a detailed presentation). The adaptations of this approach, particularly needed for the determination of the unknown initial configuration of braided structures, are the subject of the next section.
General presentation
The proposed finite element approach aims to determine the mechanical equilibrium of assemblies of fibers undergoing large displacements and developing contact-friction interactions between them. The problem is set in the form of a principle of virtual work, and solved using an implicit solver. 
Modeling of yarn behavior
Each yarn of the assembly is represented using a 3D finite strain beam model able to consider planar deformation of beam cross-sections. According to this model, the position of any particle , identified in the material configuration of the beam by its transversal coordinates ξ 1 and ξ 2 , and its longitudinal abscissa ξ 3 , is described as follows by three independent kinematical vectors defined on the line of centroids of the fiber:
In this expression x 0 (ξ 1 3) stands for the position of the center of the crosssection, and g 1 (ξ3) and g 2 (ξ3) are two section directors. No constraints are set on these directors, and the variations of their norms and of the angle they form allow planar deformations of cross-sections to be accounted for. A full three-dimensional constitutive law can be used, thanks to the consideration of cross-section deformations.
Modelling of contact-friction interactions
The detection and modeling of contact interactions which can occur at many locations in the general assembly of fibers is a crucial task for the simulation of such media. The reader is referred to [11] for more details on how to perform this task.
Construction of discrete contact elements
The choice has been made to take into account contact interactions at discrete contact elements distributed along contact zones in the assembly. A contact element is defined as a pair of material particles located on the surface 7 of interacting yarns, which are predicted to be likely to enter into contact.
The detection of contacts and the construction of contact elements can be time consuming due to the large number of yarns considered. To optimize the process, a first stage in the contact detection consists of coarsely delimiting proximity zones between pairs of yarns. A proximity zone is defined as a pair of intervals of curvilinear abscissa defined on the lines of centroids of interacting yarns, the distance between any pair of points belonging to both intervals being lower than a given distance threshold. These proximity zones are determined by evaluating the distance between control points distributed with a coarse discretization size on one of both yarns, and their associated closest points on the opposite yarn (see Figure 1 ). given discretization size. At each contact checking location on an intermediate geometry, identified by its curvilinear abscissa ζ i , a contact element, denoted E c (ζ i ) is defined as the pair of material particles located on the surfaces Γ 1 and Γ 2 of both interacting yarns (see Figure 2 ), which can be predicted to enter into contact at this location: 
Expression of the gap function at contact elements
The gap function for a contact element is defined by the distance between the pair of particles forming the element, measured according to a normal contact direction denoted N 12 , and defined at this contact element:
The normal direction N 12 is computed according to geometrical criteria in order to be oriented in the best way to prevent both yarns from crossing through each other.
Models for normal and tangential reactions
Contact is modeled using a regularized penalty method in order to exert opposite reaction forces on both particles of a contact element when a penetration is detected. These reaction forces are assumed to evolve linearly with the penetration for sufficiently large penetrations, but are taken proportional to the square of the penetration for very small penetrations belong a regularization threshold. According to this strategy, the normal reaction R N is expressed as function of the penetration gap in the following way:
where k c is the penalty coefficient and p reg the regularization threshold. This quadratic regularization ensures a continuity of the normal stiffness when the penetration vanishes, thus stabilizing the transition between contacting and non-contacting status. The penalty coefficient is automatically adapted locally for each proximity zone in order to control the maximum penetration registered on each contact zone. A regularized friction model, allowing a small reversible tangential relative displacement before large scale sliding occurs, is considered to represent tangential reactions. Denoting g T the tangential relative displacement, the tangential R T is expressed as follows:
,
where g rev,max is the maximum allowed reversible tangential displacement.
Modelling of boundary conditions
The definition of boundary conditions at the ends of the different level subcomponents is an important issue when dealing with fibre assemblies.
Prescribing displacements at ends of these components is necessary to ensure the mechanical problem is well posed, but on the other hand, allowing ends of subcomponents the possibility of rearranging is also required to take into account the deformability of the structure at its boundaries. To meet these competing needs, boundary conditions are controlled by associating rigid bodies to the ends of subcomponents of different levels, and by formulating averaged conditions for groups of ends, in accordance with the hierarchical arrangement of the rope into yarns, tows, layers and global structure.
In the case of periodicity conditions, relationships between opposite ends can be established and prescribed, so that the usual perturbations induced by conditions at ends disappear, as will be shown in the examples presented in this study.
Determination of the initial configuration of braided ropes by gradual separation of yarns
A way of using the modeling of contact-friction interactions within fiber assemblies described above, to determine the initial geometry of braided structures, is presented in this section. Starting from a first easily available approximation of the braid structure, defined by simple geometrical functions, but allowing unrealistic interpenetrations between yarns, this modelling of contact interactions is used together with information related to the relative stacking of yarns within the braid, to gradually reduce penetrations between yarns until obtaining an equilibrium configuration in agreement with the selected braiding pattern.
Principles
Although trajectories of yarns within the braid cannot be easily determined a priori, two kinds of information are however available. Correspondingly with the global helical arrangement of the rope, a first rough approximation of the geometry of tows can be made by helices characterized by their twist pitch and their radius. In addition, the selected braiding pattern specifies, at each crossing between tows, which tow should be above or below the other. Mixing this information, the principle of the proposed approach is to start from a configuration where tow and yarn trajectories are respectively described by simple and double helices, but which displays large inter-penetrations between intersecting yarns, and to use the stacking order defined by the braiding pattern to orient contact interactions in order to move inter-penetrating yarns away from each other. Applying this method, initial penetrations between yarns are very large compared to their radii, which raises difficulties regarding the convergence of contact algorithms. Adapting the orientation of the normal contact direction and gradually reducing the gap at contact elements are two improvements to the usual contact algorithms that enable the determination of the initial configuration.
Adaption of the normal direction
In the standard contact algorithm, the normal contact direction, entirely defined by the relative positions of contact particles and by the local geometry of interacting beams, determines the orientation according to which these particles are not allowed to inter-penetrate. Consequently, a particle initially located above another will be forced, by contact conditions, to remain on the same side defined by the normal contact direction. However, when determining the initial configuration, the repulsion direction should not be determined by the relative positions of particles, but by the stacking order prescribed by the weaving pattern. For the repulsion direction to be in accordance with the braiding pattern, the sign of standard normal contact direction is simply changed depending on the stacking order between the crossing tows.
Gradual reduction of contact gaps
Attempting to reduce large initial penetrations between yarns in only one step induces instabilities that prevent the convergence of contact algorithms.
To stabilize contact algorithms, gaps are gradually reduced step by step during the determination of the initial configuration according to the following algorithm, by defining a maximum gap reduction per increment, denoted δ gap max . Let gap ini denote the value of the gap for a given contact element at the beginning of the step. The principle of the gradual reduction of the gap is to retain as the value of the gap to be considered to calculate the normal reaction using Eq. 4, the difference between the actual gap and the initial one, reduced by the allowed gap variation δ gap max (see Fig. 3 ). Instead of using the standard gap to evaluate the normal reaction, this reaction is calculated using a modified gap, denoted gap * and defined as follows:
In this way, for each loading increment, the variation of the gap at every contact element is limited by the parameter δ gap max , which allows the rate The standard contact algorithm is applied once the initial configuration has been computed.
Application to the case of braided ropes
To apply this gradual separation process to the case of braided ropes, we need to define the first approximation of the geometry to start from, and to determine the stacking order at each crossing between yarns from the definition of the selected braiding pattern.
Definition of the arbitrary starting configuration
Yarns within a braided rope are arranged according to two successive levels. They are first twisted to form elementary strands, which are themselves braided together. As arrangements at both levels are characterized by a pitch 15 length and a mean radius around a revolution axis, we propose to define the yarn trajectories in the first starting approximation for the braid geometry by double helices.
The geometrical parameters needed to define this configuration are the helix pitch p strand and the helix radius ρ strand for strands, and the helix pitch p yarn and the helix radius ρ yarn for yarns within the strand, together with the radius of yarns r yarn (see Figure 4a) . In order to have a periodic structure, the length of the starting configuration is taken as a multiple of the strand helix pitch p strand , which should itself be a multiple of the yarn helix pitch Therefore, the elementary motif is the two-dimensional matrix, in which the size is twice the number of strands per layer. The stacking order is determined by the function Braid pattern(s 1 , s 2 ), taking its value in {−1, +1}, s 1 and s 2 standing for the numbers of the strands from both layers relatively to the elementary motif, Figure 6 . Now, we take back any intersection between two yarns y a and y b , belonging to two different strands s a and s b from both layers, to the elementary motif ( Figure 6 ). In the cylindrical coordinate system (φ, z), the vectors which decide the shift between two intersections of a couple of strands are 
These components (µ 1 , µ 2 ) are changed into integer values (µ * 1 , µ * 2 ) in the following way:
where Floor(•) denotes the floor function, giving, for a real value, the highest integer which is lower than this value. Integer components with respect to the local elementary motif, denoted (λ 1 , λ 2 ), are then obtained by taking these values modulo 2:
Finally, the stacking order between yarns y a and y b , belonging to strands s a and s b is determined using the braid pattern function:
where N 1 and N 2 are the numbers of strands in the first and second layer of the braid.
Boundary conditions at ends
During the determination of the initial configuration, considering a periodic sample, periodic boundary conditions are prescribed in transverse directions to the rope. In the longitudinal direction, displacements are fixed at one end of the rope, while all yarns are connected, at the other end, to the same rigid body, to which is a small tensile force is applied. 
Layout of the rope
The ropes considered in this study are AmSteel Blue TM braids manufactured by Samson. They are made of 12 strands, arranged into two layers of 6 strands each. All strands are identical, and made of 7 twisted yarns. The fibre material is HMPE (high modulus polyethylene).
Yarns

Test procedure
Tensile tests were performed on an Instron 10 kN capacity electro-mechanical test frame. Samples were extracted from a rope section. Their lengths and weights were measured accurately. They were then placed in special pneumatic clamps which limit end stress concentrations. A small preload (5-10 N) was applied to tension the sample and measure the initial length. The distance between clamps was 300mm.
Elongations were measured using an in-house video extensometry system based on two digital cameras. Two black markers are attached to the sample and the cameras follow their movement. The initial distance between the markers, L 0 , is measured and image analysis software enables the strain to 22 be determined. Load is also recorded continuously. The loading rate was 10 N/s. 
Test results
Two types of test were performed on yarns. In the first, the samples were simply loaded directly to failure (Figure 10a ). In the second, 5 bedding-in cycles were applied at a load of 600N and then the sample was loaded to failure ( Figure 10b ). Table 1 summarizes the results. A mean curve was constructed by determining the mean force value from all the tests at each strain value.
Initially (01.2% strain), the slope is concave. As the load increases the region is due to both a molecular reorientation within the fibres, and a reorientation of the fibres in the yarns [13] . Beyond this region the curve becomes linear and the slope is defined by a least squares adjustment. Yarn cross sec-24 tional areas may be estimated by evaluating experimentally their mass per unit length, and by dividing this lineic density by the volumic density of the material. For the samples studied, a typical value of 2.06 mm 2 is obtained.
Because of the difficulty in defining the cross-section of the yarns, the axial stiffness (EA) is determined rather than Young's modulus, Table 1 .
Failures were observed to occur both near the sample ends and in the central section, no significant difference was noted for strengths corresponding to the two failure locations.
No bendding-in After bedding-in cycles Number of tests 6 11 Average axial stiffness (kN) 161 162
Standard deviation (kN) 6 4 The rope tests were performed on a 1000 kN capacity 10 meter long hydraulic test machine. Samples were 8 meters long and terminated with spliced loops, which were placed over 100mm diameter loading pins at each end of the test frame, Figure 11 . Elongations were measured using the same in-house video extensometry system based on two digital cameras as for the yarn tests. In this case the cameras were mounted on a rail above the test machine. Loading rate was 20% of break load per minute. This is the same global rate as for the yarn samples, although the yarns in the rope will 25 see a slightly lower rate, depending on their location, due to the angular construction. During the first loading the orientations cause a stiffening effect. The transverse section stabilizes progressively under load. Also, when load-unload cycles were applied before the break tests both hysteresis and plastic behavior was noted. 
Load-elongation plots from four rope tests are shown in Figure 12 . Figure 12a shows one direct and three tests with 5 cycles of load-unload, while Figure 12b shows the first and last bedding-in cycles of one of these tests.
The hysteresis observed on the curves may be due both to material effects, similar to those displayed on yarns (Figure 10b ), and to dissipation by friction induced by a gradual rearrangement of yarns. The hysteresis tends to decrease with number of bedding-in cycles, most of the residual strain is removed during the first cycle, and the form of the curve then becomes more 26 linear. The stiffness of rope was calculated based on the linear part of the final curve, Table 2 . Standard deviation (kN) 82.3 Table 2 : Identified stiffness characteristics of braided rope transfer coefficient of stiffness from yarn to rope of around 70%.
≈ 0.0699.
Simulation results
Modeling at the level of elementary yarns
The braided synthetic ropes considered here are composed of filaments arranged into components of two levels, respectively yarns and strands, be- (Table 1) , by the area of the cross-section of beams considered in the model.
Rope architecture
The rope samples studied are made of 12 strands, divided in 2 layers, each strand consisting of 7 yarns (figure 13), making a total of 84 yarns. The length of the samples modelled was taken twice the pitch of the rope. where α is the helix angle of strands, whose tangent can be calculated as a function of the strand helix radius ρ strand and the strand helix pitch p strand as:
Since the contribution of each yarn to the load in the axial direction of the rope is affected by a coefficient cos α, the axial stiffness of the rope should evolve linearly with the coefficient (cos α) 2 . To verify this effect, the same procedure (determination of the initial configuration and simulation of a tensile test) was applied to four different samples, only varying the strand helix pitch. Figure 17 shows an example of the sections for 3 pitch angles.
The evolution of the rope axial stiffness with the coefficient (cos α) 2 , plotted in Figure 18 , shows a linear relationship. However, once these initial gaps between yarns have vanished, the rope axial stiffness no longer depends on the friction coefficient, which suggests that friction has little influence on this tensile behaviour. The friction coefficient has nevertheless a large influence on the stress distribution among yarns, as shown in Figure 20 . There is a much larger variability in loads when the friction coefficient is higher, which can be explained by non-uniform load transfers between yarns resulting in local stress concentrations. The friction coefficient will therefore be expected to affect damage development and failure load. used to study more complex phenomena regarding braided synthetic ropes, and in particular the fatigue damage generated by repeated bending over sheaves. This work will be presented in a subsequent paper.
